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Previously we demonstrated that BMP signaling is required for endogenous digit tip regeneration, and that
treatment with BMP-2 or -7 induces a regenerative response following amputation at regeneration-
incompetent levels (Yu et al., 2010, 2012). Both endogenous regeneration and BMP-induced regeneration
are associated with the transient formation of a blastema, however the formation of a regeneration
blastema in mammals is poorly understood. In this study, we focus on how blastema cells respond to BMP
signaling during neonatal digit regeneration in mice. First, we show that blastema cells retain regenerative
properties after expansion in vitro, and when re-introduced into the amputated digit, these cells display
directed migration in response to BMP-2. However, in vitro studies demonstrate that BMP-2 alone does not
inﬂuence blastema cell migration, suggesting a requirement of another pivotal downstream factor for cell
recruitment. We show that blastema cell migration is stimulated by the cytokine, SDF-1α, and that SDF-1α
is expressed by the wound epidermis as well as endothelial cells of the blastema. Blastema cells express
both SDF-1α receptors, CXCR4 and CXCR7, although the migration response is inhibited by the CXCR4-
speciﬁc antagonist, AMD3100. Mice treated with AMD3100 display a partial inhibition of skeletal regrowth
associated with the regeneration response. We provide evidence that BMP-2 regulates Sdf-1α expression in
endothelial cells but not cells of the wound epidermis. Finally, we show that SDF-1α-expressing COS1 cells
engrafted into a regeneration-incompetent digit amputation wound resulted in a locally enhanced
population of CXCR4 positive cells, and induced a partial regenerative response. Taken together, this study
provides evidence that one downstream mechanism of BMP signaling during mammalian digit regenera-
tion involves activation of SDF-1α/CXCR4 signaling by endothelial cells to recruit blastema cells.
& 2013 Elsevier Ltd. All rights reserved.Introduction
The digit tip is unique in mammals in that it possesses the
ability to undergo an epimorphic regenerative response following
amputation. The mouse digit tip exhibits a differential regenera-
tion response depending on the amputation position: amputation
through the distal level of the terminal phalanx undergoes faithful
regeneration, while proximal transection fails to regenerate
(Borgens, 1982; Han et al., 2008; Reginelli et al., 1995; Zhao and
Neufeld, 1995). This level-speciﬁc regeneration property is also
observed in human ﬁnger tips (Douglas, 1972; Illingworth, 1974).
Thus, the mouse digit represents an excellent model system to
study mammalian regeneration and is clinically relevant (Allan
et al., 2006; Muneoka et al., 2008).ll rights reserved.
ogy and Biochemistry,
A.Most of our understanding about the regeneration of tetrapod
vertebrate structures has been established from studies using urodele
amphibians. For example, newts and salamanders can fully regener-
ate missing structures such as the tail, jaws, spinal cord, gills, lens,
and limbs throughout their entire lifespan (Brockes and Kumar,
2002; Chernoff et al., 2003; Echeverri and Tanaka, 2002). Limb
regeneration is accomplished by the formation of an undifferentiated
cell population called the blastema at the amputation wound. The
blastema is formed underneath the wound epidermis by the migra-
tion and dedifferentiation of cells derived from injured stump tissues
including dermis, nerves, and skeletal elements during the healing
response (Brockes, 1997; Bryant et al., 2002; Thornton, 1968). Based
on histological studies the blastema appears to be a homogenous
population of mesenchymal cells, however, a recent study shows that
it is in fact heterogeneous and composed of different progenitor cell
populations, some of which maintain lineage limitations (Kragl et al.,
2009). The ﬁnal stages of limb regeneration involve the transition
from blastema cell proliferation to morphogenesis and differentiation
to accurately replace only limb structures removed by amputation.
Fig. 1. In vitro analysis of neonatal mouse digit blastema cells. A: Schematic diagram showing the overall procedure of digit amputation, isolation and culture of blastema
cells, cell injection and bead implantation. B and C: Blastema cells were induced to differentiate by culturing in osteogenic medium for 17 days. Alizarin red S staining was
used to detect osteocytes. Blastema cells were induced to differentiate into osteocytes in osteogenic medium (B), but not in MSC medium (C). D–G: Blastema cells isolated
from Rosa26 mice digits were injected into the proximally amputated digits of SCID-NOD mice. Some injected blastema cells (blue) remained at the apical injection site
associated with the wound epidermis (we; D), however the majority of injected cells were found aggregated around proximal hair follicles (hf; E). When a BMP-2-soaked
bead (*) was implanted underneath the wound epidermis, the injected blastema cells remained at the injection site associated with the BMP-2 bead (F). In control studies
involving BSA soaked bead (*), the majority of blastema cells were associated with the hair follicle (G) and a few cells remained at the apical mesenchyme (arrow). The bead
position in G is out of the plane of section but approximated by the asterisk. We note that the blastema cells found associated with the hair follicles in E and G were not
localized along the injection trajectory (long arrow heads in E–G). Distal is toward the right in D–G. Scale bars: 100 mm in B and C; 50 mm in D; 200 mm in E–G.
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formation. The blastema of the regenerating digit tip shows high
mitotic activity and re-activation of development-relevant genes such
as Msx, Dlx, and Bmps (Fernando et al., 2011; Lehoczky et al., 2011;
Muneoka et al., 2008). Like the urodele limb blastema, the regenerat-
ing mouse digit gives rise to a blastema that is heterogeneous and
contains multiple cell types including ﬁbroblasts, osteoprogenitor cells,
and endothelial progenitor cells (Fernando et al., 2011; Muneoka et al.,2008). Recent studies provide evidence that the regenerated digit tip
forms from cells that are lineage restricted and that cells derived from
a number of different tissue types participate in regeneration but
display no plasticity (Lehoczky et al., 2011; Rinkevich et al., 2011;
Takeo et al., 2013; Wu et al., 2013). The cellular heterogeneity of the
digit blastema coupled with the organized differentiation of regener-
ating tissues suggests that active and directed cell migration is likely to
play a critical role during the regenerative response. Indeed, cell
J. Lee et al. / Developmental Biology 382 (2013) 98–109100migration is proposed to be a pivotal cellular mechanism for blastema
formation during the early stages of a regenerative response (Gardiner,
2005; Gardiner et al., 1986; Han et al., 2005).
In mammals, studies from many models of cell recruitment to
injury sites show an involvement of stromal-derived factor-1 (SDF-1
or CXCL12) acting as a chemoattractant. SDF-1 is a small secreted
cytokine (8–13 kDa) and a member of the CXC chemokine family
(Zlotnik and Yoshie, 2000). Murine SDF-1 consists of three tran-
script variants; SDF-1α, -1β, and -1γ, which are formed by alter-
native splicing (Gleichmann et al., 2000; Tashiro et al., 1993). While
a primary role of SDF-1 is the control of cell migration, SDF-1 also
has roles in cell adhesion and cell survival (Mazzinghi et al., 2008).
Two cell surface receptors for SDF-1 have been identiﬁed, CXCR4
and CXCR7, and both are G-protein coupled seven-transmembrane
proteins (Balabanian et al., 2005; Burns et al., 2006). A role for SDF-
1/CXCR4–CXCR7 signaling has been reported in many embryonic
events involving chemotaxis, including gastrulation (Nair and
Schilling, 2008), primordial germ cell migration (Ara et al., 2003),
cardiogenesis (Nagasawa et al., 1996), and limb myogenesis
(Buckingham, 2006). In adults, SDF-1 chemotaxis is involved in
cancer angiogenesis (Bachelder et al., 2002), cancer metastasis
(Muller et al., 2001), and the wound healing process (Hatch et al.,
2002; Mazzinghi et al., 2008; Phillips et al., 2004). SDF-1 chemo-
taxis plays a role in cell recruitment to a variety of damaged organ
sites after injury, including the lung, kidney and liver. However, the
ﬁnal outcome of SDF-1 mediated cell recruitment varies among
model systems. For example, after injury to lung parenchyma, SDF-
1 mediated ﬁbrocyte recruitment via CXCR4 signaling results in a
damaging ﬁbrotic response within lung tissues (Phillips et al.,
2004). On the other hand, the wound repair processes following
damage to the kidney and liver also involve SDF-1 chemotaxis,
however in these cases the wound healing response is free of
ﬁbrotic tissue (Hatch et al., 2002; Mazzinghi et al., 2008). Thus, SDF-
1 mediated cell recruitment is causally implicated in embryogen-
esis, wound repair, and disease states.
Previously our studies demonstrated that BMPs play a pivotal
role in digit tip regeneration and can induce a regeneration
response from a non-regenerative amputation (Han et al., 2003;
Muneoka et al., 2008; Yu et al., 2010, 2012). It is clear that probing
the mechanistic role that BMPs play in digit regeneration is
essential for understanding how to modulate mammalian amputa-
tion wounds to enhance regenerative capabilities. For example, it is
unclear what target cell types are directly responsive to BMP
stimulation, and what downstream signaling pathways are acti-
vated by BMP stimulation during regeneration. In this study, we
explore the role that BMP signaling plays in the recruitment of cells
to form the blastema and the migratory characteristics of digit
blastema cells. We ﬁnd that (1) exogenous BMP-2 modiﬁes digit
blastema cell migration in vivo, (2) SDF-1α stimulates migration of
blastema cells, (3) endothelial cells are a target cell type that
expresses SDF-1α in response to BMP signaling, (4) the pharmaco-
logical inhibition of SDF-1α/CXCR4 signaling results in a partial
inhibition of the regenerative response, and (5) ectopic expression
of SDF-1α induces cell recruitment and a partial regeneration
response. Taken together, these results suggest that one activity of
BMP signaling during mouse digit regeneration is to stimulate cell
recruitment by activating the SDF-1α/CXCR4 signaling pathway.Results
Osteogenic property of blastema cells isolated from regenerating digit
tips
To examine properties of digit blastema cells, mesenchymal
cells were isolated from regenerating digit tips (P3) of neonatalmice 7 days post-amputation (7 DPA; Fig. 1A). At this stage of
regeneration the blastema is well established and redifferentiation
is initiated at the blastema/stump interface (Han et al., 2008).
Dissociated blastema cells were plated onto ﬁbronectin-coated
plates in mesenchymal stem cell (MSC) media under identical
conditions that promote the maintenance of stem-like cells from
the adult digit (Wu et al., 2013). After plating, blastema cells
proliferate rapidly during the ﬁrst two weeks, after which their
growth begins to slow and they become quiescent by 4 weeks.
Thus, cultured blastema cells do not display stem-like character-
istics under conditions that favor expansion of adult digit derived
cells (Wu et al., 2013). For all in vitro and in vivo studies involving
digit blastema cells we used primary cultures that were expanded
for 2 weeks.
Endogenous regeneration of the mouse digit tip involves
blastema formation and the redifferentiation of the phalangeal
bone by direct ossiﬁcation (Han et al., 2008). To determine
whether blastema cells retain osteogenic properties during expan-
sion, we subjected blastema cells to culture conditions that
promote osteogenesis in vitro. In response to osteogenic induction
medium blastema cells formed sheets of cells that developed
strong Alizarin red S staining indicative of osteocyte differentiation
(Fig. 1B; n¼6), whereas cells maintained similarly in MSC media
failed to undergo ossiﬁcation (Fig. 1C). On the other hand,
blastema cells treated under culture conditions that induce chon-
drogenesis resulted in a limited number of cells staining positive
for Alcian blue (data not shown). These results are consistent with
the conclusion that the blastema cell population contains primar-
ily osteoprogenitor cells whose characteristics are maintained
during in vitro expansion.
BMP attracts blastema cells
To investigate the behavior of cultured blastema cells in vivo,
cells were isolated and expanded from the regenerating digits of
Rosa26 mice so that the expression of LacZ could be used as a cell
marker for engraftment studies. For these studies we used
proximally amputated digits of SCID-NOD mice as hosts to mini-
mize a rejection response. Digit tip regeneration of both Rosa26
and SCID-NOD mice is similar to other mouse strains that we have
tested (Wu et al., 2013). LacZ expressing blastema cells were
expanded in vitro and pressure injected into the loose connective
tissue of the digit tip via a glass capillary needle inserted through
the dorsal skin just proximal to the nail at 4 DPA (Fig. 1A). The
injection site was localized subjacent to the wound epidermis and
visually documented based on the presence of Trypan blue added
to the cell suspension as a vital dye (Wu et al., 2013). Regenerating
digits were analyzed 3 days later (7 DPA) in serially sectioned
samples (n¼6) to identify the location of injected cells. Although
some injected cells were found localized apically at the initial
injection site (Fig. 1D), the majority of injected cells were found
aggregated around hair follicles at a more proximal level (Fig. 1E).
This curious behavior of engrafted blastema cells is distinct from
similar studies of adult digit cells engrafted into regenerating
digits where cells became actively involved in blastema formation
(Wu et al., 2013). We noted that both the mouse digit blastema
and the hair follicle express a number of BMP family members
including BMP-2, BMP-4, and BMP-7 (Kulessa et al., 2000;
Muneoka et al., 2008; Takahashi and Ikeda, 1996; Wilson et al.,
1999; Yu et al., 2010), and hypothesized that BMPs might be linked
to the observed recruitment of blastema cells. To explore this
possibility in vivo, we carried out blastema cell injections in
association with implantation of microcarrier beads releasing
BMP-2 or -7 as previously described (Yu et al., 2010). We found
that injected cells were recruited to the implanted BMP bead
instead of the hair follicles (Fig. 1F; BMP-2, n¼3/6; BMP-7, n¼4/6),
Fig. 2. Immunocytochemistry and migration of primary cultured digit blastema cells. A–C: Both CXCR4 (A, red) and CXCR7 (B, green) were detected on all blastema cells by
co-immunocytochemistry (C, merged). Nuclei were stained by DAPI. Scale bar: 10 mm. D: Blastema cells display a dose-dependent migration response to SDF-1α in the
Boyden chamber transwell assay. SDF-1α concentrations of 100 nM, 500 nM and 1.0 mM all induced an enhanced migration response as compared to control vehicle treated
cultures. E: Inhibition of SDF-1α induced blastema cell migration by AMD3100 is dose-dependent manner. Blastema cell migration was induced with SDF-1α (500 nM) and
treated with concentrations of AMD3100 ranging from 10 nM to 1000 nM. P value was calculated by Student's t-test. *Po0.05; n.s.: no signiﬁcant difference. Bars on the
graphs indicate the standard error.
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resulted in most of the injected cells associated with hair follicles
(Fig. 1G; n¼6/6). This study provides evidence that ectopic release
of BMPs can compete with the hair follicle to attract blastema cells,
and suggests that BMP signaling plays a role in the recruitment of
cells during blastema formation.
BMP signaling has not been previously implicated in the
control of cell migration. Using transwell migration studies with
primary cultured blastema cells we found that neither BMP-2 nor
BMP-7 at any concentration inﬂuenced cell migration (data not
shown; see Fig. 4H). However, the SDF-1α signaling pathway is
known to play a role in the recruitment of cells during BMP-2-
induced ectopic bone formation in rodents (Otsuru et al., 2008),
and is involved in blastema formation during ﬁn regeneration in
zebraﬁsh (Dufourcq and Vriz, 2006). To begin to test the hypoth-
esis that blastema cell migration induced by BMP is mediated by
SDF-1α signaling, we ﬁrst explored the expression pattern of SDF-
1α receptors, CXCR4 and CXCR7 in cultured blastema cells. Using
immunocytochemistry, we found that all cultured blastema cells
(100%) co-express both CXCR4 and CXCR7 (Fig. 2A–C; n¼2/2).
CXCR4 is expressed as isolated patches around the blastema cell
(Fig. 2A and C), while CXCR7 expression is evenly distributed
(Fig. 2B and C). CXCR4 expression studies have linked it to regions
of the cell membrane forming lipid rafts (Manes et al., 2000), thus
our observations are consistent with the known cellular expres-
sion pattern of this receptor.
The expression of CXCR4 and CXCR7 suggest that blastema cells
are responsive to SDF-1α. To test for the stimulation of blastema
cell migration in vitro we conducted transwell assays and found
that SDF-1α stimulated migration in a dose-dependent manner
(Fig. 2D). To determine whether SDF-1α stimulated migration via
the CXCR4 receptor, we stimulated migration with SDF-1α in the
presence of varying concentrations of the CXCR4-speciﬁc antago-
nist, AMD3100. SDF-1α typically induced a doubling in the numberof migrating cells in this assay, and a low concentration of
AMD3100 (10 nM) had no effect on this response. Increasing the
AMD3100 concentration, however, inhibited the migration
response in a dose-dependent manner (Fig. 2E). These results
indicate that the SDF-1α/CXCR4 pathway functions to stimulate
blastema cell migration.
Activation of SDF-1α/CXCR4 signaling pathway during regeneration
To begin an examination of whether the SDF-1α/CXCR4 signaling
pathway is activated during digit tip regeneration, we explored
expression of SDF-1α and its receptor, CXCR4, during the regeneration
response. SDF-1α expression was analyzed using immunohistochem-
istry (n¼3) and in situ hybridization (n¼2), focusing on 8–10 DPA
regenerates compared with unamputated control digits of corre-
sponding stage. Our studies revealed that both protein (Fig. 3A) and
transcripts (Fig. 3C) of SDF-1α were detected weakly in the apical
mesenchyme and ventral epidermis of unamputated control digits,
but was not detected in the mesenchyme of the digit tip. In contrast,
after distal amputation, strong expression of SDF-1α was observed by
basal cells of the wound epidermis and isolated groups of cells in the
blastema mesenchyme (Fig. 3B and D). SDF-1α expression was also
prominent in the bone marrow region of both unamputated and
regenerating digits, and appeared associated with the marrow
vasculature (data not shown).
The expression pattern of CXCR4 was analyzed using immuno-
histochemical staining (n¼3). CXCR4 was weakly expressed by
epidermal cells of the digit tip in control unamputated digits,
however no expression was observed in apical mesenchymal cells
(Fig. 3E). In the regenerate CXCR4 was strongly expressed by the
wound epidermis and also by many digit blastema cells (Fig. 3F).
To address whether the SDF-1α/CXCR4 signaling pathway is active
during digit regeneration, we utilized an antibody speciﬁc for the
phosphorylated CXCR4 receptor that identiﬁes SDF-1α induced
Fig. 3. SDF-1α/CXCR4 signaling during regeneration. A, B, E–J: Immunohistochemical analyses; C and D: In situ hybridization for Sdf-1α. A, C, E, and G: PN11 unamputated
control digits. B, D, F, H, I, and J: Regenerating digits at 7–10 DPA. Distal is to the right in all images. A: A low level of SDF-1α staining is detected in the epidermis of control
digits, however no staining is detected in the distal mesenchyme. B: Staining for SDF-1α is detected in the basal layer of the wound epidermis (we) and in scattered cells of
the blastema. Inset in B is a magniﬁed image showing SDF-1α staining by cells of the blastema. C and D: In situ hybridization showing a pattern of Sdf-1α transcript
expression is similar to protein localization in control unamputated digits (C) and 7 DPA regenerates (D). E and F: Immunohistochemical staining for CXCR4. Unamputated
control digits display low level expression in epidermal cells and no detectable staining in the distal mesenchyme (E). In the regenerate CXCR4 immunostaining was
dramatically upregulated both in the blastema and wound epidermis (F). G and H: Immunohistochemical staining for phospho-CXCR4 (pCXCR4). Unamputated digits exhibit
restricted expression to the differentiated epidermal layers and no detectable staining in the distal digit mesenchyme (G). In regenerating digits pCXCR4 staining is detected
in the blastema and basal cell layer of the wound epidermis (H). The inset in H shows a magniﬁed image of the wound epidermis/blastema interface. I: Robust
immunostaining for pCXCR4 is associated with blood vessels (v) in the proximal blastema just distal to the bone marrow. J: In the blastema, double immunohistochemical
staining with the endothelial marker, CD31 (red), and SDF-1α (green) identify endothelial cells of the blastema as one source of SDF-1α during digit tip regeneration. Scale
bars: 150 mm in A–H; 20 mm in I; 10 mm in J. K: Treatment with the CXCR4-speciﬁc antagonist, AMD3100, did not affect neonatal bone growth (blue bars) but had an
inhibitory effect on bone regeneration (orange bars). The P value was calculated by Student's t-test. *Po0.05; n.s.: no signiﬁcant difference. Bars on the graphs indicate
standard error. L and M: Bone elongation was measured using a calcein vital staining to identify stump tissue coupled with Alizarin red staining of the terminal phalanx. The
length of white arrows indicates the amount of newly formed bone after amputation in control (L) and AMD3100 treated (M) regenerates.
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was absent in the distal mesenchyme of unamputated digit but
was present in the bone marrow (data not shown) and the
keratinizing layers of the ventral epidermis (Fig. 3G). In the
regenerate, pCXCR4 staining was observed in the basal cell layer
of the wound epidermis and also in cells scattered within the
blastema (Fig. 3H). Phospho-CXCR4 staining was most prominent
in the proximal blastema where SDF-1α/CXCR4 signaling is asso-
ciated with the vasculature (Fig. 3I). These results provide clear
evidences that the SDF-1α/CXCR4 signaling pathway is active
during blastema formation.
Studies in other model systems indicate that CXCR4 positive
cells are recruited by SDF-1α-expressing endothelial cells (Dalakas
et al., 2005; Mazzinghi et al., 2008; Phillips et al., 2004). We
therefore conducted co-immunostaining to determine if SDF-1α is
expressed by the endothelial cells present in the blastema. We
found that some cells expressing the endothelial cell marker, CD31,
in the blastema stained positive for SDF-1α (Fig. 3J), suggesting
that endothelial cells of the blastema along with cells of the
wound epidermis represent sources of SDF-1α production during
digit regeneration. This co-immunostaining was not 100% since we
also found cells that were SDF-1α positive/CD31 negative and
SDF-1α negative/CD31 positive.To begin to address the functional role that SDF-1α/CXCR4
signaling plays in the regeneration response, we carried out a
pharmaceutical knockdown using the CXCR4-speciﬁc antagonist
AMD3100 (Gerlach et al., 2003; Rosenkilde et al., 2004). AMD3100
speciﬁcally inhibits SDF-1α induced migration of blastema cells
in vitro (see Fig. 2). We treated regenerating neonates with
systemic injections of AMD3100 during the regeneration response
and assessed regeneration based on the regenerated skeletal
length measured after whole mount staining. We have previously
shown that skeletal regeneration occurs during weeks 2 and
3 following amputation, and established a calcein/Alizarin red
double staining protocol that reliably identiﬁes newly regenerated
bone (Han et al., 2008). We measured the total length of the newly
formed bone in AMD3100 treated and vehicle control treated
unamputated digits and regenerated digits at 21 DPA (Fig. 3K).
There was no difference in the length of newly formed bone in the
unamputated AMD3100 treated group (20873.4 μm) versus the
unamputated vehicle control group (21673.0 μm). This result
suggests that post-natal digit elongation is not dependent on
SDF-1α/CXCR4 signaling and is consistent with our expression
studies showing that neither SDF-1α nor CXCR4 are expressed in
the apical mesenchyme of the digit. On the other hand, we found
that the amount of ossiﬁcation that occurs during digit tip
Fig. 4. BMP-2 enhances SDF-1α production by endothelial cells. A–D: Immunohistochemical staining of SDF-1α (A and B) and CXCR4 (C and D). Low level SDF-1α (A) and
CXCR4 (C) immunostaining was observed following simple amputations at the P2 level coupled with implantation of BSA control beads (*). In contrast, immunostaining for
both SDF-1α (B) and CXCR4 (D) was enhanced by treatment with a BMP-2 bead (*) 2 days after implantation. bm: bone marrow-forming region of P2. E and F: Co-
immunostaining for CD31 and SDF-1α. Endothelial cells (arrowheads in E) do not stain positive for SDF-1α at the amputation wound following simple amputations or control
amputations coupled with BSA bead implantations (E). However, co-localization of SDF-1α (green) and CD31 (red) in P2 amputated digits treated with BMP-2 (arrowheads in
F) indicates that SDF-1α is produced by endothelial cells during an induced regenerative response (F). Scale bars: 100 mm in A–D; 10 mm in E and F. G: RT-PCR studies using a
human endothelial cell line (HMVEC) show that Sdf-1α expression is induced by BMP-2 in a dose dependent manner. A known downstream target gene of BMP signaling, Id4,
shows a similar response. GAPDH was used as a loading control. H: Digit blastema cell migration was enhanced by HMVEC cells treated with BMP-2 but not by BMP-2 alone.
This enhanced migration was inhibited by AMD3100 treatment, implicating SDF-1α/CXCR4 signaling in this response. The P value was calculated by Student's t-test.
#Po0.01; nPo0.05; n.s.: no signiﬁcant difference. Bars on the graphs indicate standard error.
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Digit regeneration in vehicle treated controls resulted in 353 μm
(710.0 μm) of newly regenerated bone, whereas only 286 μm
(75.7 μm) of regenerated bone formed in AMD3100 treated digits
(Fig. 3K–M). This represents a signiﬁcant reduction in the amount
of regenerated bone (Po0.05) resulting from systemic AMD3100
treatment. This pharmaceutical knock-down study provides func-
tional evidence implicating the chemokine SDF-1α and its receptor
CXCR4 in the control of bone regrowth during digit tip regenera-
tion. Overall, these results support the conclusion that SDF-1α/
CXCR4 signaling is active during regeneration and required for a
normal regenerative response.
SDF-1α expression is regulated by BMP-2
Previous studies have shown that proximal digit and limb
amputation injuries can be induced by BMP-7 or BMP-2 to
undergo a segment-speciﬁc regenerative response (Ide, 2012;
Masaki and Ide, 2007; Yu et al., 2010, 2012). We used a BMP-2-
induced digit regeneration model to investigate whether SDF-1α
and its receptor CXCR4 play a chemotactic role in induced
regeneration. Using immunohistochemical analyses we deter-
mined the expression patterns of SDF-1α and CXCR4 in neonatal
digits amputated at the second phalanx (P2) and treated with a
BMP-2 microcarrier bead to induce a regenerative response (Yu
et al., 2012). In control amputated digits treated with a BSA bead
and in digits that were simply amputated, only a few SDF-1α
positive cells are present at the amputation injury 2 days post-
bead implantation and cells of the wound epidermis did not
express SDF-1α (Fig. 4A and data not shown; n¼3). In similarly
amputated digits treated with beads carrying BMP-2, a large
number of SDF-1α positive cells are present in the region between
the stump and the BMP-2 bead, although the wound epidermisremained negative for SDF-1α expression (Fig. 4B and data not
shown; n¼3). The presence of SDF-1α expressing cells induced by
BMP-2 in the wound mesenchyme is transient since we found no
evidence of SDF-1α positive cells in regenerates 7 days after bead
implantation (data not shown).
In control amputated digits treated with a BSA bead and in
digits that were simply amputated, CXCR4 positive cells are found
associated with the periosteum and scattered within the marrow-
forming region of the P2 amputation stump, whereas cells of the
wound epidermis did not express CXCR4 (Fig. 4C and data not
shown; n¼3). In BMP-2 treated digit amputations, CXCR4 positive
cells are enhanced in the stump and speciﬁcally present in the
mesenchymal tissue associated with the BMP-2 bead, whereas the
cells of the wound epidermis remained negative for CXCR4
(Fig. 4D; n¼3). Thus, both SDF-1α and CXCR4 expressing cells
are enhanced in the mesenchyme at P2 amputation wounds
treated with BMP-2.
Since we previously found that endothelial cells of the blas-
tema expressed SDF-1α, we investigated whether endothelial cells
are associated with BMP-2-induced SDF-1α expression by carrying
out co-immunohistochemical analyses with the CD31 antibody.
Although CD31 positive cells are detected around implanted BSA-
containing bead, these cells do not co-express SDF-1α (arrowheads
in Fig. 4E). This indicates that simple amputation injury and bead
implantation is insufﬁcient to induce SDF-1α expression in
endothelial cells. In contrast, many CD31 positive cells are asso-
ciated with amputation wounds treated with a BMP-2 bead and
co-expressing SDF-1α (arrowheads in Fig. 4F). These data indicate
that BMP-2 treatment induces the up-regulation of SDF-1α expres-
sion in CD31 positive endothelial cells. These results are consistent
with a BMP-2 induced regeneration model in which SDF-1α
production by endothelial cells mediates the recruitment of CXCR4
positive cells to the amputation injury.
Fig. 5. Ectopic expression of SDF-1α recruits CXCR4-positive cells. A: Schematic diagram of SDF-1α expression plasmid vector, pIRES2-SDF-1α. B: The expression of SDF-1α
from pIRES2-SDF-1α transfected COS1 cells was conﬁrmed by Western blot. Alpha-tubulin was used to verify equal loading amounts. C: In vitro assay of blastema cell
migration was performed to conﬁrm that SDF-1α from COS1-pIRES2-SDF-1α cells functions as a chemoattractant. AMD3100 inhibited blastema cell migration that was
induced by SDF-1α produced by transfected COS1 cells. P value was calculated by Student's t-test. #Po0.01;*Po0.05; n.s.: no signiﬁcant difference. Bars on the graphs
indicate standard error. D: Schematic diagram showing digit amputation at the P2 level and transfected COS1 cell injection. In this study approximately 25% of the P2 skeletal
element was amputated leaving the remaining 75% intact. COS1 cells were engrafted between the P2 bone stump and the wound epidermis at 4 DPA. E and F: Two days after
transfected COS1 cell injection, immunohistochemical studies showed few CXCR4 positive cells (red) around injected COS1-pIRES2 control cells (green) at the amputated
digit wound (E), while a large number of CXCR4 positive cells were recruited to COS1-pIRES2-SDF-1α injection site (arrowheads in F). Distal is toward the right (E and F).
Scale bars: 25 mm.
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sion we carried out in vitro experiments with a human microvas-
cular endothelial cell line (HMVEC). Using semi-quantitative RT-PCR
we found that the level of Sdf-1α transcripts produced by HMVEC
cells after 24 h of BMP-2 treatment increased in a dose-dependent
manner (Fig. 4G). The Sdf-1α expression proﬁle was found to be
similar to the BMP-2 dependent expression proﬁle for Id4, a known
downstream target of canonical BMP signaling (Miyazono and
Miyazawa, 2002). To test whether HMVEC cells can mediate BMP-
2 induced migration we assayed the transwell migration of blastema
cells using BMP-2 stimulated HMVEC cells and found that migration
was enhanced by comparison to untreated HMVEC cells (Fig. 4H).
This enhanced migration response was inhibited by AMD3100,
indicating that it was controlled speciﬁcally by the SDF-1α/CXCR4
pathway. These data provide further evidence that SDF-1α expres-
sion by endothelial cells is stimulated by BMP-2, and suggests a
model in which SDF-1α/CXCR4 signaling functions downstream of
BMP signaling to recruit blastema cells during a BMP-dependent
regenerative response.
Ectopic expression of Sdf-1α attracts CXCR4 positive cells and
enhances digit regeneration
To determine whether SDF-1α functioned downstream of BMP-2
in induced digit regeneration, we engrafted Sdf-1α-overexpressingcells into digits amputated at the second phalanx (P2) level. We
generated a pIRES2-SDF-1α expression vector that co-expresses EGFP
along with SDF-1α for COS1 cell transfection studies (Fig. 5A). The
pIRES2 plasmid which expresses EGFP but not SDF-1α was used for
control transfections. We conﬁrmed SDF-1α production in pIRES2-
SDF-1α transfected COS1 cells and the absence of SDF-1α by pIRES2
transfected COS1, as well as untransfected COS1 cells by Western blot
analysis (Fig. 5B). COS1 cells transfected with pIRES2-SDF-1α
enhanced digit blastema cell migration as compared to pIRES2
transfected cells, and AMD3100 studies show that the migration
response is CXCR4-speciﬁc (Fig. 5C; n¼3). These data show that the
ectopic SDF-1α expression from pIRES2-SDF-1α expression vector
plasmid in COS1 cells functions as a chemoattractant for digit
blastema cells in vitro.
Next, we investigated the role that SDF-1α plays in enhanced
cell recruitment by introducing pIRES2-SDF-1α transfected COS1
cells into the P2 amputation wound. We used a strategy similar to
the model of P2 digit regeneration induced by BMP-2 bead
implantation (Yu et al., 2012) to engraft pIRES2-SDF-1α transfected
COS1 cells between the wound epidermis and stump of SCID-NOD
host mice after wound closure is complete (Fig. 5D). Control
studies included simple P2 amputation and amputation associated
with engraftment of pIRES2 transfected COS1 cells. After cell
injections we conﬁrmed the survival of COS1 cells at 2 days
post-injection by immunoﬂuorescent staining with anti-GFP
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for CXCR4 to determine whether SDF-1α production by the
pIRES2-SDF-1α transfected COS1 cells selectively recruited CXCR4
positive cells to the amputation wound (Fig. 5E and F). In control
pIRES2 transfected COS1 cell injections, GFP positive cells were
present at the amputation wound indicating successful engraft-
ment of the injected cells. However there was no indication of
enhanced CXCR4 positive cell recruitment to the engraftment site.
CXCR4 positive cells were present in the periosteum and bone
marrow of control engraftments as they are in simple P2 amputa-
tions (Fig. 5E). In pIRES2-SDF-1α transfected COS1 cell injections,
we observed GFP positive cells at the amputation wound and
found CXCR4 positive cells speciﬁcally recruited toward the
injected cells (Fig. 5F). These data demonstrate that in the absence
of BMP2 treatment, production of SDF-1α was successful in
speciﬁcally recruiting CXCR4 positive cells to the P2
amputation wound.
To investigate the effect that pIRES2-SDF-1α transfected COS1
cell engraftment has on regeneration following amputation, we
analyzed digits 4 weeks after cell injection. Analysis of whole
mount skeletal preparations were used to measure the length of
the P2 element in amputation controls (n¼20), amputated digits
injected with pIRES2 COS1 cells (n¼11), and amputated digit
treated with pIRES2-SDF-1α COS1 cells (n¼10). The P2 skeletal
length of amputated digits that were simply amputated, versus
those amputated and receiving an injection of pIRES2 transfected
COS1 control cells was not signiﬁcantly different, thus indicating
that the engraftment of transfected COS1 cells does not impact
skeletal regeneration. However, engraftment of pIRES2-SDF-1α
transfected COS1 cells did stimulate a small but statistically
signiﬁcant amount of outgrowth when compared to pIRES2
transfected controls (Fig. 6A; Po0.05). This partial regenerative
response provides evidence that SDF-1α does inﬂuence the regen-
eration response, and the data suggests that it is acting down-
stream of BMP-2.
In addition to skeletal elongation, our whole mount studies
revealed that SDF-1α treated digits formed ectopic bony structures
that were positioned distal and ventral (Fig. 6C; n¼4/10). This
structure appears similar to the sesamoid bone that is normally
positioned on the ventral side of P2/P3 joint region (Fig. 6B). The
positioning of these ectopic bones were proximal to the control
unamputated sesamoid bone and was associated with the induced
trabecular bone of the regenerate that is clearly deﬁned based on the
transition with the cortical bone of the stump. We found no
evidence for a regenerative response in COS1-control digits or digits
that were simply amputated, and both classes of control digits
appeared similar in whole mount stained samples (Fig. 6D and data
not shown). We processed a subset of the experimental and
control digits for parafﬁn histology to further examine the
induced regenerative response. In digits that are simply ampu-
tated or that received an injection of control pIRES2 COS1 cells,
the stump forms a distal bony cap that abuts directly to the
connective tissue of the overlying dermis, and there is no
evidence of cartilaginous tissues associated with the truncated
stump except for a hypertrophic callus that sometimes forms
laterally (Fig. 6E; n¼3). The result is consistent with previous
control amputations at the P2 level (Yu et al., 2012).
In contrast, the digits that received engraftment of pIRES2-
SDF-1α transfected COS1 cells formed chondrogenic tissues at
the distal tip of the P2 regenerates in every sample analyzed
histologically (n¼3). In samples with ectopic bone there were
chondrogenic regions that directly abutted the regenerated bone
tissue (Fig. 6F). This is a striking observation since BMP-2-induced
regenerates never maintain chondrogenic tissue despite the fact
that the regeneration response is mediated by the induction of
chondrocytes that establish an endochondral ossiﬁcation center(Yu et al., 2012). These results suggest that SDF-1α signaling at an
amputation wound can modify chondrogenic differentiation during
an induced regenerative response.Discussion
A hallmark of epimorphic regeneration is the formation of a
blastema and the regenerating mouse digit tip provides a model to
investigate epimorphic regeneration in mammals (Fernando et al.,
2011; Muneoka et al., 2008; Yu et al., 2010). Both the endogenous
regenerative response and BMP-induced regeneration proceed
through a transient blastema stage in which undifferentiated cells
proliferate prior to redifferentiation into the various tissues of the
regenerate (Yu et al., 2010, 2012). The blastema is therefore
considered to be comprised of progenitor cells for the tissues that
regenerate. In the present study we isolated blastema cells and
maintain them under conditions in which regeneration-competent
cell lines have been established from uninjured adult digits (Wu
et al., 2013). Because the growth potential of blastema cells is
limited and the cells are shown to have osteogenic potential, the
data suggest that the stem cell characteristics displayed by unin-
jured digit cells are lost as cells participate in blastema formation.
We propose that during blastema formation, regeneration-
competent stem cells present in the stump transition into a
phenotype that is similar to a transit-amplifying (TA) cell type,
and that the blastema is comprised primarily of osteoprogenitor
cells. Since re-amputation studies show no evidence for a decline
in regenerative potential (Han, unpublished), we speculate that
digit stem cells must remain in the stump and/or repopulate in
the regenerate sometime after blastema formation. These studies
are consistent with a model in which stem cells present in the
stump are required for blastema formation, but that cells wit-
hin the blastema itself are committed and lose stem cell
characteristics.
Our studies identify SDF-1α/CXCR4 signaling as a critical path-
way for blastema cell recruitment during a regenerative response.
SDF-1α/CXCR4 signaling has been implicated in blastema forma-
tion during ﬁn regeneration (Bouzaffour et al., 2009; Dufourcq and
Vriz, 2006), although in this model SDF-1α expression is restricted
to the epidermis and the SDF-1α mutant does not display a
regeneration defect. In mouse digit regeneration, we ﬁnd that
SDF-1α is expressed in the wound epidermis as well as blastema
cells, and a systemic pharmaceutical knockdown of SDF-1α/CXCR4
signaling does display a signiﬁcant inhibition of skeletal regenera-
tion. SDF-1α induces migration in cultured digit blastema cells,
which is speciﬁc to CXCR4-mediated signaling, and blastema cells
display a high level of CXCR4 expression. In addition, pCXCR4
immunostaining indicates that the SDF-1α/CXCR4 signaling path-
way is active during regeneration. The SDF-1α production in the
blastema is associated with endothelial cells, and this is consistent
with other mammalian models of SDF-1α production during injury
repair (Hatch et al., 2002; Mavier et al., 2004; Mazzinghi et al.,
2008; Phillips et al., 2004). We ﬁnd that BMP-2 induces Sdf-1α
expression by endothelial cells both in vitro and in vivo, and this
ﬁnding is consistent with the role that SDF-1α plays in mediating
BMP-2-induced ectopic bone formation (Otsuru et al., 2008).
Finally, we show that ectopic expression of SDF-1α induces a
partial regenerative response in the absence of BMP-2 treatment
suggesting that SDF-1α expression is downstream of BMP-2
signaling in an induced digit regenerative response. One difference
between BMP-2-induced SDF-1α expression and our ectopic SDF-
1α expression study is the transient nature of SDF-1α expression
following BMP-2 treatment. This difference may account for the
distinct anatomical response associated with the implantation of
SDF-1α expressing cells. Overall, these ﬁndings are consistent with
Fig. 6. Ectopic expression of SDF-1α enhances regeneration. A: Comparison of the average P2 bone length of unamputated digits, amputated digits with no COS1 cell
injection, COS1-pIRES2 control cell injection after amputation, and COS1-pIRES2-SDF-1α cell injection after amputation at 4-weeks post injection. P value was calculated by
Student's t-test. *Po0.05; n.s.: no signiﬁcant difference. Bars on the graphs indicate standard error. B–F: Transfected COS1 cell-injected SCID mice digits were collected at
4-weeks after cell injection. B–D: Alizarin red S stained whole mount digit samples of unamputated P2 control (B), COS1-pIRES2-SDF-1α cell injection (C), and COS1-pIRES2
control cell injection after P2 amputation (D). Note the formation of a proximally localized sesamoid-like bone (arrow in C) associated with the COS1-pIRES2-SDF-1α cell
injection induced regeneration of trabecular bone (t) which is distinct from the stump cortical bone (c). Distal is toward the left. E and F: Mallory trichrome staining of
longitudinal sections of control and experimental digits engrafted with transfected COS1 cells. COS1-pIRES2 control cell injected digit showing the bone stump (b) covered
by epidermis (epi) with no evidence of cartilage formation (E). COS1-pIRES2-SDF-1α cell injected digit showing chondrogenic regions (c) and an ectopic sesamoid-like bone
(eb) that formed associated with the regenerate (F). The top is distal and ventral is to the right in E and F. Scale bar: 600 μm in B–C; 100 mm in E and F.
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expression of SDF-1α during both endogenous and induced digit
regeneration.
SDF-1α induces a migration response by cells expressing the
CXCR4 receptor. A large number of CXCR4 positive cells are present
in the blastema. CXCR4 positive cells are recruited following
implantation of a BMP-2 bead or cells ectopically expressing
SDF-1α. The source of CXCR4-positive cells during endogenous or
induced digit regeneration remains unclear. Circulating cells of the
hematopoietic lineage are known to express CXCR4, and while
studies show that circulating cells do not contribute to digit tip
regeneration (Rinkevich et al., 2011), the inﬂammation response
associated with digit tip regeneration involves the recruitment of
CXCR4-positive neutrophils and macrophages during wound heal-
ing stages (Marrero and Simkin, unpublished). Cells associated
with the bone marrow and the periosteum also express CXCR4,
therefore the recruitment response to SDF-1α likely involves cells
from multiple sources. For example, the SDF-1α/CXCR4 signaling
pathway has also been implicated in the process of osteogenesis
via the activity of alkaline phosphatase (Luan et al., 2012), so it is
possible that this signaling pathway inﬂuences multiple aspects of
the regenerative response. Understanding the details of SDF-1α/
CXCR4 signaling during digit regeneration represents a critical
topic for future studies.
The SDF-1α/CXCR4 signaling pathway is a well-studied chemo-
tactic pathway that controls cell migration in development (Ara
et al., 2003; Buckingham, 2006; Molyneaux et al., 2003; Nair andSchilling, 2008), disease (Bachelder et al., 2002; Muller et al.,
2001), and injury repair (Cantley, 2005; Lama and Phan, 2006;
Ting et al., 2008). In many injury responses recruitment of cells by
SDF-1α to damaged tissues results in a ﬁbrotic response forming
scar tissue that ultimately diminishes physiological function
(Hatch et al., 2002; Mazzinghi et al., 2008; Vandervelde et al.,
2005). In the case of digit regeneration, SDF-1α mediates an
epimorphic regenerative response, thus the role that SDF-1α/
CXCR4 signaling plays in tissue repair is clearly context dependent.
In many injury models including digit amputation, SDF-1α is
produced by endothelial cells and the wound epidermis involved
in the repair response. Where it has been studied, the mechanism
of cell recruitment to the injury site involves the transepithelial
migration of circulating CXCR4-positive ﬁbrocytes that participate
in the repair response (Kucia et al., 2005; Mazzinghi et al., 2008).
The regenerating digit tip is distinct in that the early blastema is
largely avascular, and most endothelial cells present are not
associated with vasculature but are individual cells (Fernando
et al., 2011). Together with our evidence that endothelial cells of
the blastema produce SDF-1α, we are drawn to the conclusion that
cell recruitment during digit tip regeneration is largely localized to
the injury site rather than circulating cells, e.g. ﬁbrocytes. This
represents a signiﬁcant deviation from other organ injury
responses and may be a critical factor in differentiating between
a ﬁbrotic versus regenerative healing response. Supporting this
conclusion is evidence that circulating cells do not play a sig-
niﬁcant role in digit tip regeneration (Rinkevich et al., 2011), and
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blastema formation (Wu et al., 2013). These studies suggest that
the source (circulating versus local) of cells recruited to an injury is
critical for the ﬁnal outcome of the repair response (scarring
versus regenerative).Methods
Mice and digit amputation
Wildtype CD#1 outbred mice and immune-deﬁcient SCID-NOD
mice were supplied by Harlan Laboratories (Indianapolis, IN).
Rosa26 mice were supplied by The Jackson Laboratory (Bar Harbor,
ME). The median three hindlimb digits (digit #2, 3 and 4) of
postnatal day 3 (PN3) mice were utilized for digit amputation.
Neonate mouse digit amputation was made at the distal and
proximal levels of the terminal phalanx (P3) according to the
previously described methods (Yu et al., 2010; See Fig. 1A). For
induced regeneration, hindlimb digit #2 and #4 of PN3 mice were
amputated at the level of the second phalanx (P2) as described by
Yu et al. (2012; See Fig. 5D). Procedures for the care and use of
mice for this study were compliant with standard operating
procedures (SOPs) and protocols approved by the Institutional
Animal Care & Use Committee (IACUC) of Tulane University.
Isolation and culture of neonate mouse digit blastema cells
Mouse blastema cells were collected from the digit tip regen-
erates of CD#1 or Rosa26 mice (Fig. 1A). Hindlimb digit tips were
amputated at a distal level, and 7 days post-amputation (7 DPA)
the regenerates were harvested by cutting digits at the last joint
level. Harvested tissues were washed in ice-cold 1 Hanks'
Balanced Salt Solution (GIBCO) to remove blood and then treated
with DMEM containing 1% FCS (fetal calf serum) and 0.3 mg/ml
Liberase Blendzyme (Roche) at 371C for 8 h. Following enzyme
digestion, blastema cells were carefully isolated from the connec-
tive tissue distal to the regenerating terminal phalange and
epidermis using forceps and then transferred into culture media.
Blastema cells were further dissociated by repeated trituration and
passed through 40-μm Cell Strainer (BD Falcon). After centrifuga-
tion, cells were resuspended in mesenchymal stem cell (MSC)
media and plated on ﬁbronectin coated dishes as described by
Wu et al. (2013).
In vitro blastema cell differentiation assay
Mesenchymal stem cell osteogenesis kit (Chemicon) and Stem-
Pro chondrogenesis differentiation kit (Gibco) were used for
in vitro osteogenesis and chondrogenesis, respectively. All differ-
entiation studies utilized protocols recommended by the manu-
facturers. Blastema cell primary cultures were expanded in MSC
media until conﬂuent, placed in differentiation media, and cul-
tured for an additional 17 days. Continued culture in MSC medium
was used as the negative control. Differentiation was assayed
based on Alizarin red S staining to detect osteocytes, and Alcian
blue staining to detect chondrocytes.
Blastema cell injection and BMP-containing bead implantation
Blastema cells isolated from the regenerating digits of Rosa26
neonatal mice were used for injection after expansion for 2 weeks
in MSC media. Blastema cells were prepared by mixing with
PuraMatrix Peptide Hydrogel (BD) and 0.4% Trypan blue (GIBCO)
in 9:9:2 (cell:hydrogel:dye) ratio (Wu et al., 2013). The ﬁnal cell
concentration was 5104 cells/μl, and about 20,000 cells per digitwere injected into 4 DPA (PN7) digit of SCID-NOD mice. For
injections associated with bead implantation, blastema cells were
injected immediately after bead implantation at 4 DPA (Fig. 1A).
Beads soaked in rhBMP-2, rhBMP-7 (R&D Systems) or 0.1% BSA
were prepared and implanted into digits as previously described
(Yu et al., 2010). Digit samples were harvested at 2, 3 and 4 days
post-injection (DPI) and processed for fresh frozen cryosectioning
after embedding in OCT. Following ﬁxation with 0.2% glutaradehyde
for 2 h, sectioned samples were stained with X-gal as previously
described (Wu et al., 2013).Immunocytochemistry, immunohistochemistry and in situ
hybridization
For CXCR4 and CXCR7 double-immunocytochemistry, cultured
blastema cells were plated onto 2-well culture slides (BD Falcon).
The blastema cells were ﬁxed in Z-Fix (Anatech) for 15 min at 371C.
After ﬁxation, the cells were washed in PBS, and permeabilized in
cold acetone for 5 min. Anti-CXCR4 (rat monoclonal; R&D Sys-
tems) and anti-CXCR7 (rabbit polyclonal; GeneTex) antibodies
were applied as primary antibodies for 90 min in room tempera-
ture. Alexa Fluor 568-labeled goat anti-rat IgG (Invitrogen) and
Alexa Fluor 488-labeled goat anti-rabbit IgG (Invitrogen) were
used for secondary antibodies. DAPI (Invitrogen) was used to stain
nuclei of the cells. The blastema cells were mounted in ProLong
Gold Antifade Reagent (Invitrogen).
To observe the expression patterns of SDF-1, CXCR4, pCXCR4,
CXCR7, and CD31 in neonatal mouse digits, single or double
immunohistochemistry was performed. Mouse digits were ﬁxed
in Z-Fix (Anatech) in room temperature overnight then processed
for parafﬁn sectioning (5 μm). The following antibodies were used
for immunohistochemistry as primary antibodies: anti-SDF-1
(rabbit polyclonal; Abcam), anti-CXCR4 (rat monoclonal; R&D
Systems), anti-phospho S339 (CXCR4; rabbit polyclonal; Abcam),
anti-CXCR7 (rabbit polyclonal; GeneTex), and anti-CD31 (rat
monoclonal; Abcam). Secondary antibodies include Alexa Fluor
568-labeled goat anti-rat IgG (Invitrogen), Alexa Fluor 488-labeled
goat anti-rabbit IgG (Invitrogen), and Alexa Fluor 488-labeled goat
anti-rat IgG (Invitrogen).
In situ hybridization for the Sdf-1α expression was performed
on parafﬁn-sectioned digit samples as previously described (Han
et al., 2008). Brieﬂy, neonate digits of 8 DPA and PN11 control were
ﬁxed in 4% paraformaldehyde, digit samples were embedded in
parafﬁn and sectioned at 5 mm thickness. A digoxigenin-labeled
Sdf-1α speciﬁc antisense RNA corresponding to the nucleotide
362–895 of the Sdf-1α sequence probe was used (Accession
number: NM_021704).Systemic AMD3100 treatment
To antagonize the CXCR4 in vivo, AMD3100 (Sigma-Aldrich) in
phosphate buffered saline (PBS) was injected intraperitoneally
(Peng et al., 2011). AMD3100 (15 mg/g body weight) was injected
daily from 0 to 20 DPA. Calcein/Alizarin red double-ﬂuorescent
vital staining was used to measure the length of newly grown or
regenerated bone. Calcein green ﬂuorescence (Sigma-Aldrich;
10 mg/g body weight) was injected at 6 DPA to label the bone at
the time of injection, and Alizarin red (Sigma-Aldrich, 30 mg/g
body weight) was injected at 20 DPA to label the entire bone (Han
et al., 2008). By measuring the bone length from the Calcein
labeled stump to the distal tip in whole mount preparations, we
are able to quantitate newly formed bone by regeneration in
control versus AMD3100-treated digits (Fig. 3L and M).
Table 1
The primers used in RT-PCR.
SDF-1α (28 cycles,
457 bp)
Upstream 5′-CTT CAC CTC CTC TTT CAA CCT C-3′
Downstream 5′-CTC AGA GTT TGT TAG TGC CTC C-3′
ID4 (35 cycles,
289 bp)
Upstream 5′-GCC CAG TAT AGA CTC GGA AGT A-3′
Downstream 5′-GAT CCA AGC ATT TCC TCA TCC C-3′
GAPDH (22
cycles, 282 bp)
Upstream 5′-CAT CAA GAA GGT GGT GAA GCA G-3′
Downstream 5′-CTC TCT TCC TCT TGT GCT CTT G-3′
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Cell migration studies utilized the 8 μm-pore Boyden chamber
transwell insert (Falcon). MSC media with or without factors were
added to each well of a 24-well cell culture plate (Corning). The
concentration of mouse recombinant SDF-1α (R&D Systems)
ranged from 100 nM to 1.0 μM. For some experiments, CXCR4
antagonist AMD3100 (10 nM to 1.0 μM; Sigma-Aldrich) was also
added to the culture well. A transwell chamber was inserted into
the culture well and seeded with 1.5104 blastema cells. After
18 h of incubation, migrated blastema cells in the Boyden chamber
transwell inserts were ﬁxed with 100% methanol for 10 min,
stained with 0.2% Crystal violet solution (Sigma-Aldrich) for
10 min, and washed 5 times with PBS for 5 min each time. The
stained blastema cells were visualized and counted using an
inverted microscope (Axiovert 405M, Zeiss). For each transwell
insert only whole cells that had migrated through the ﬁlter were
counted in ﬁve randomly selected regions of 1.5 mm2, and the
total number of migrating cells was used to estimate the response.
Each experiment was repeated at least three times. This same
assay was used for cell based migration studies. HMVEC (human
microvascular endothelial cells from neonatal dermis; Cascade
Biologics) or transfected COS1 cells were plated into 24-well cell
culture plate along with BMP-2 (1.0 μg/ml; R&D Systems) and
AMD3100 (HMVEC), or only AMD3100 (transfected COS1) and
cell migration was assayed using the Boyden chamber as
described above.
BMP-2 treatment of endothelial cells and RT-PCR
To test whether BMP-2 can induce Sdf-1α expression in
endothelial cells, HMVECs were cultured and treated with 100,
500, and 1000 ng/ml of hrBMP-2 for 24 h. As control, HMVECs
were treated with hrBMP-2 reconstitution buffer (4 mM HCl
containing 0.1% BSA). Total RNAs from HMVECs were isolated
using miRNeasy Mini Kit (Qiagen). After cDNA synthesis, reverse
transcription-polymerase chain reaction (RT-PCR) was performed
with gene speciﬁc primers and different cycle numbers (Table 1).
Over-expression of SDF-1α by transfected COS1 cells
The full coding sequence of mouse Sdf-1α gene was subcloned
into the EcoRI site of pIRES2-EGFP bicistronic expression vector
(pIRES2-SDF-1α, BD Biosciences Clontech; Fig. 5A). Blank pIRES2-
EGFP vector was utilized for the control experiment (pIRES2).
COS1 cells (ATCC) were transfected with either pIRES2 or pIRES2-
SDF-1α using Lipofectamine2000 (Invitrogen). SDF-1α expression
from the transfected COS1 cells was conﬁrmed by Western blot
analysis with anti-SDF-1α primary antibody (rabbit polyclonal;
Abcam) and anti-rabbit IgG-HRP secondary antibody (R&D Sys-
tems). For a loading control, anti-α-tubulin antibody (rat mono-
clonal; Abcam) was utilized with anti-rat IgG-HRP secondary
antibody (Novus Biologicals).To analyze the effect of SDF-1α on regeneration of skeletal
element, transfected COS1 cells were injected into 4 DPA SCID-
NOD digits between the wound epidermis and amputated P2
phalangeal bone stump (Fig. 5D). Injected EGFP positive COS1
cells and CXCR4 positive cells were analyzed by immunohisto-
chemistry at 2 DPI using anti-GFP (chicken polyclonal; Novus
Biologicals) and anti-CXCR4 (rat monoclonal; R&D Systems)
primary antibodies and Alexa Fluor 488-labeled goat anti-
chicken IgG (Invitrogen) and Alexa Fluor 568-labeled goat anti-
rat IgG (Invitrogen) secondary antibodies.
COS1 cell-injected digits were also analyzed by whole mount
skeletal staining with Alizarin red S at 4-weeks post injection to
measure P2 bone length. A subset of digit samples was further
processed for histological examination by parafﬁn section. Digit
samples were ﬁxed in Z-Fix, dekeratinized in 1% KOH, decalciﬁed
in Decalciﬁer II (Surgipath), dehydrated with an ascending series
of ethanol concentrations (70%, 95%, and 100%), inﬁltrated in
xylenes, and embedded in parafﬁn. Parafﬁn sections were made
at 5-μm thickness and stained with Mallory's trichrome stain
(Humason, 1979).Acknowledgments
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